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IV Conversion Factors DISTRIBUTION AND MOBILITY OF SELENIUM AND OTHER TRACE ELEMENTS IN SHALLOW GROUND WATER OF THE
WESTERN SAN JOAQUIN VALLEY, CALIFORNIA By S.J. Deverel and S.P. Millard ABSTRACT Samples of shallow ground water that underlies much of the irrigated area in the western San Joaquin Valley of California were analyzed for various major ions and trace elements, including selenium.
Concentrations of the major ions generally were similar for ground water collected in the two primary geologic zones--the alluvial fan and basin trough. Soils in the alluvial-fan zone are derived from Coast Range rocks, and soils in the basin-trough zone are from a mixture of Sierra Nevada and Coast Range sources. Most of the variance in concentrations of major ions, as determined by principal components analysis, was associated with ground-water salinity and the dominant ions--magnesium, sodium, sulfate, and chloride.
Most of the variance in trace elements was associated with concentrations of boron, molybdenum, selenium, and vanadium, which are present as mobile oxyanions. The concentrations of oxyanions trace elements were significantly correlated (a=0.05) with groundwater salinity, but the correlations between selenium and salinity and molybdenum and salinity were significantly different (a=0.05) in the alluvial-fan geologic zone compared with the basintrough geologic zone. In addition, selenium concentrations are significantly (a=0.05) higher in the ground water of the alluvial-fan zone than in the basin-trough zone.
The evidence suggests that the main factors influencing selenium concentrations in the shallow ground water are the degree of ground-water salinity and the geologic source of the alluvial soil material.
INTRODUCTION mostly low-salinity soils, solely consists of material eroded from the Coast Selenium in agricultural drainage water has caused a high incidence of deformity and mortality of waterfowl at Kesterson National Wildlife Refuge in the western San Joaquin Valley, California (1, 2). Subsurface drainage water was transported to Kesterson from artificially drained agricultural fields in the western San Joaquin Valley by the San Luis Drain, a concrete-lined conveyance canal. Because of shallow ground water, about 100,000 ha of land in the western San Joaquin Valley requires artificial drainage to maintain long-term agricultural productivity (3) . An understanding of the origin, distribution, and mobility of selenium in the shallow ground water in this agricultural area is essential for effective water management.
This report describes the results of a study to assess the relation of selenium concentrations and overall chemical composition of shallow ground water to the two primary geologic zones of the western San Joaquin Valley. As part of this assessment, the interrelations among trace elements also were evaluated. This study is part of a comprehensive investigation of the hydrology and geochemistry of the San Joaquin Valley by the U.S. Geological Survey. The studies are being done in cooperation with the San Joaquin Valley Drainage Program and as part of the Regional Aquifer System Analysis Program of the U.S. Geological Survey.
BACKGROUND AND APPROACH
Deverel and others (4) evaluated differences in the chemistry of shallow ground water among three physiographic zones in the western valley, which are defined primarily by soil and topographic characteristics: the alluvial-fan zone adjoining the Coast Ranges, the basintrough zone adjoining the San Joaquin River, and the basin-rim zone in between (5) .
The alluvial-fan physiographic zone, with moderately sloping terrain and Ranges. The basin-trough physiographic zone, which lies closest to the San Joaquin River, is separated from the alluvial-fan zone by the basin-rim zone. The basin-trough and basin-rim zones overlie a mixture of Coast Range and Sierra Nevada alluvium.
Soils of the basin-rim zone are moderately to highly saline, whereas the soils of the basin trough are of low salinity (5, 6) .
The investigation by Deverel and others (4) indicated that shallow ground water in the basin-trough physiographic zone had significantly lower selenium concentrations than in the alluvial-fan and basin-rim zones. Though selenium concentrations did not differ significantly between the alluvial-fan and basin-rim zones, the correlation between selenium concentrations and salinity was different. Selenium concentrations and salinity as measured by specific conductance were significantly correlated (a.70.05) in the alluvial-fan zone.
High concentrations of selenium were associated with saline ground water.
In the basin-rim physiographic zone, saline soils are more common than in the alluvial-fan zone (6) , yet the correlation is not statistically significant. The difference in the correlation of salinity and selenium concentrations may be due to the variable geologic origin of deposits in the basin-rim zone.
The approach taken in this report was to evaluate the effect of geologic source material on ground-water chemistry by analyzing the interrelations among specific conductance, pH, major ions, and trace elements in relation to the geologic origin of soil materials. To facilitate this analysis, the study area was divided into the two primary geologic zones: the alluvial-fan and basin-trough zones (7, 8) . This division was chosen rather than the physiographic divisions because it results in a more even distribution of samples between the zones and links the samples more closely to the geologic origin of the soil materials.
GEOHYDROLOGIC SETTING
California's San Joaquin Valley is a trough between the Sierra Nevada on the east and the folded and faulted Coast Ranges on the west ( fig. 1) . The Sierra Nevada, a fault block that dips southwestward, is composed primarily of igneous and metamorphic rock of preTertiary age.
The Diablo Range of the Coast Ranges borders the study area to the west, and consists of an exposed Cretaceous and Late Jurassic core assemblage of marine origin overlain and juxtapositioned with Cretaceous marine and Tertiary marine and continental deposits.
The deposits of the alluvial-fan geologic zone on the westernmost edge of the San Joaquin Valley (fig. 1) were derived exclusively from Diablo Range rocks. The alluvial fans were laid down by intermittent streams that drain the Coast Ranges. In the lower-lying basin-trough geologic zone, continental stream-laid and stillwater deposits are Pleistocene and Holocene. These deposits are of mixed Coast Range and Sierra Nevada origin (9) .
Saline soil and ground water are common in the alluvial-fan and basin-trough geologic zones (6) . The presence of saline soil and shallow ground water within 3 m of land surface is due to a combination of hydrologic and climatic factors. Downward movement of irrigation water is impeded by near-surface clay layers, and low-lying parts of the western San Joaquin Valley are natural ground-water discharge areas (10) . These factors result in extensive areas with shallow ground water. Evapotranspiration losses of 780 to 1,040 mm/a (11) and low precipitation of less than 250 mm/a in most of the valley causes saline conditions due to evaporation of the shallow ground water. Ground-water movement in the shallow aquifer is affected by irrigation and drainage practices. Typically, about 1 m of water is applied annually by flood irrigation. This is the primary source of ground-water recharge. Farm-drainage systems that consist of subsurface permeable pipe have been installed in much of the area to control soil and ground-water salinity.
These systems maintain water levels below about 1 m and provide a convenient outlet for sampling of shallow ground water.
SAMPLING AND ANALYTICAL METHODS

Field
Samples of shallow ground water were collected at 118 sites in the western San Joaquin Valley during an 18-day period in the spring of 1984. Thirty-five sites were farm-drain sumps. A drain sump collects subsurface drainage water from a single farm-drainage system that typically drains less than 250 ha, and consists of a grid of buried permeable tile or perforated plastic pipe. Eighty-three sites were observation wells with polyvinyl chloride casings ranging in depth from 3 to 10 m.
Sixty-eight sites in the alluvial-fan geologic zone and 50 sites in the basin-trough geologic zone were sampled.
An additional 65 groundwater samples were collected within the alluvial-fan geologic zone during a 4-week period in the spring of 1985. These samples were collected from observation wells installed in three agricultural fields located within 15 km of each other. This sampling is part of an ongoing study of the processes that affect mobility of selenium and other inorganic constituents in shallow ground water associated with drained agricultural lands.
Water samples were collected from sumps Vid collector drains with a peristaltic pump to remove water from the collecting structure, usually a concrete cistern, through Teflon tubing into a watersediment churn splitter, and then into sample containers.
Water samples were collected from the observation wells using tubing and positive-displacement bladder pumps constructed of Teflon. The submersible, 1.91-cm diameter bladder pump operates by allowing water to enter through a one-way valve in the bottom of the pump. Pressurized nitrogen gas is cycled in and out of a Teflon bladder inside the pump casing, displacing the water up the tubing. Prior to sampling, each well was pumped using peristaltic and bladder pumps simultaneously until the specific conductance of the water did not vary by more than 10 percent for three consecutive well-casing volumes of water.
Before each sample was taken, another well-casing volume was pumped with the bladder pump only.
Prior to sampling at each site, all sampling apparatus and containers were rinsed three times with the water to be sampled.
Well water was used to rinse filters, filter holders, and sample containers. Prior to collection of samples for laboratory analysis of inorganic constituents, unfiltered 50-mL samples were titrated incrementally with dilute sulfuric acid for bicarbonate and carbonate concentrations. The pH was measured with portable meters that were calibrated at each site with standardized solutions. Temperature was measured with mercury thermometers that were checked against a standardized laboratory thermometer.
Specific conductance was measured with a meter calibrated with a KC1 standard within 2,000 VS/cm of the sample. Samples for analysis of dissolved constituents were pumped through 0.45-pm membrane filters with a peristaltic pump. Samples for determination of major ions and all trace elements were collected and stored in polyethylene bottles with Teflon-lined caps. All samples were acidified with nitric acid to a pH of less than 2 except those collected for determination of specific conductance, pH, bicarbonate, carbonate, sulfate, and chloride.
Laboratory
All major ions and trace elements, except arsenic and selenium, were determined by methods described by Skougstad and others (12) . Calcium, magnesium, sodium, potassium, lithium, iron, and zinc were determined by atomic absorption spectrometric methods.
Cadmium, chromium, copper, lead, manganese, and molybdenum were determined by atomic absorption spectrometric methods with chelation extractions. Chloride and vanadium were determined by automated colorimetric methods, and sulfate was determined by the turbidimetric procedure.
Arsenic and selenium were determined by hydride generation and atomic absorption spectrometry (13) .
The method used for selenium is designed to determine the total concentration of all forms of selenium present in the water sample. A sample is first subjected to an oxidative digestion to release any selenium from the organic fraction. The selenium released by this digestion, together with the inorganic selenium originally present, then is reduced to the selenite form using a stannous chloride-potassium iodide mixture. The selenium hydride is generated by reducing the selenite form using sodium borohydride.
The hydride gas is stripped from the solution by a stream of nitrogen gas and its concentration is determined by atomic absorption spectrometry.
For regression analysis and nonparametric statistical tests, analytical nondetections were set to a value midway between zero and the detection limit. For principal component analysis, nondetections were assigned a random value between zero and the detection limit.
CHEMICAL COMPOSITION OF SHALLOW GROUND WATER IN ALLUVIAL-FAN AND BASIN-TROUGH GEOLOGIC ZONES
The major-ion chemistry of shallow ground water is generally similar in the alluvial-fan and basin-trough geologic zones ( fig. 2 ). Sulfate and sodium were the dominant anion and cation in most samples.
Salinity, as measured by specific conductance, and concentrations of sulfate and sodium tend to be greater in the basin-trough zone, but the Wilcoxon rank sum test (14) did not indicate any significant (a=0.05) differences between zones.
Concentrations of most trace elements also are generally similar in the two geologic zones (fig. 3) . However, the Wilcoxon rank sum test indicated that chromium and selenium are significantly (a=0.05) greater in the alluvial-fan zone, whereas manganese is greater in the basin-trough zone. The reason for the chromium and manganese differences are not apparent from the existing data and are not discussed further. The focus of this report is on the reasons for the differences between selenium concentrations in the two geologic zones.
GEOCHEMICAL INTERRELATIONS AND TRACE-ELEMENT MOBILITY
Principal component analysis (15) was used to examine the interrelations among major ions and physical properties and separately among trace elements. Principal component analysis expresses the total variance for a group of variables (sum of the variances of the variables) in terms of a small number of principal components, which are linear combinations of the original variables. Specific conductance, pH, and major ions were evaluated as one group of variables and trace elements were separately evaluated as a second group.
For both groups of variables, the principal component analysis was based on the correlation matrix (variance-covariance matrix of the standardized variables) because variables were expressed in varying units or concentrations varied over several orders of magnitude between some variables. For specific conductance, pH, and major Table 1 . Correlations of specific conions, 58 percent of the total variance ductance, pH, and major ions with the was explained by the first principal first three principal components component (table 1) , which is associated with specific conductance and the dominant major ions--magnesium, sodium, sulfate, and chloride. This indicates that most variability in this group of variables is associated with variation in ground-water salinity.
For trace elements, 35 percent of the total variance is accounted for by the first principal component (table 2) , which is primarily associated with boron, molybdenum, selenium, and vanadium. The second principal component accounts for only 15 percent of the total variance and is dominated by iron, manganese, and zinc, which are usually associated with mineral phases. Boron, molybdenum, selenium, and vanadium are probably present as dissolved mobile oxyanions in the oxidized, alkaline waters of the western San Joaquin Valley, and thus are likely to be associated with salinity. Evidence of this is provided by an examination of the literature, speciation data, and correlations of these elements with salinity.
The most oxidized form of selenium is selenate (+6 valence), which is relatively mobile in aqueous environments and does not associate with most solid-phase materials (16, 17, 18) . Samples collected at 18 wells and drainage sumps included in this study were analyzed for selenate and selenite (+4 valence) by Dr. Gregory Cutter at Old Dominion University, Norfolk, VA. Selenate represented an average of 98 percent of the total dissolved selenium concentration in the samples. Selenium has been reported extensively in association with reduced metal sulfide minerals in marine sedimentary rocks (19, 20) , which are similar to Coast Range rocks. Low concentrations of selenium generally were reported for igneous rocks such as those of the Sierra Nevada (21). Crist (22) with high dissolved-solids concentrations in central Wyoming. High concentrations of the other trace elements that are likely present as oxyanions also seem to be associated with high salinity levels. However, the mineralogy of boron, molybdenum, and vanadium is different than that of selenium, and they may be present in equal quantities in both Sierra Nevada and Coast Range materials.
Mineralogically, boron is present in both sedimentary and igneous environments--incorporated in aluminosilicate structures and adsorbed on clay and iron oxide, oxyhydroxide minerals (23, 24, 25) . Boron concentrations of several hundred micrograms per liter occur in some surface waters that drain the Sierra Nevada (26) . Boron concentrations as high as 15,000 pg/L were reported in surface water that drains the Coast Ranges (27) .
Mineral sources of molybdenum include igneous and sedimentary rocks in the forms of granodiorite, sphere amphibole biotite, and sulfide minerals. The controls on molybdenum solubility include precipitation with common metals as metal molybdates and sulfides in reduced environments (28) .
In general, molybdenum is geochemically mobile under oxidizing conditions where it is present in the +6 valence.
Molybdenum concentrations of about 1 pg/L have been measured in springs in the Coast Ranges and in surface water that drains the Sierra Nevada (27, 29) .
Vanadium was reported in association with Cretaceous sedimentary marine rocks of the Central-Western United States (19, 20) and granite and granodiorite rocks of the Southern California Batholith (30) . Vanadium was detected in surface water that drains the Sierra Nevada (29) and in springs in the Coast Ranges (27) .
Although boron, molybdenum, selenium, and vanadium are of relatively similar geochemical mobility in oxidized and alkaline aqueous environments, selenium seems to be unique in its mineralogical origin. Concentrations of boron, molybdenum, and vanadium generally are similar in sedimentary rocks such as those of the Coast Ranges and in igneous rocks such as those of the Sierra Nevada. Selenium probably originates primarily from sulfide minerals present in sedimentary rocks, which are predominant in the Coast Ranges. The principal component analysis shows that the concentrations of these four mobile elements account for 35 percent of the total variance for all trace-element concentrations.
If this result is analogous to the results of the principal component analysis for specific conductance, pH, and major ions, which indicated that the majority of the variance was associated with ground-water salinity, the mobile, oxyanion trace elements may be associated with groundwater salinity.
CORRELATION OF SALINITY AND TRACE ELEMENTS
Regression analysis of mobile traceelement concentrations and ground-water salinity (as determined by specific conductance) in the two geologic zones was used to further elucidate the processes controlling the concentrations and distribution of inorganic trace elements for the data presented in Deverel and others (4) .
Because the trace-element concentrations and specific conductance were log-normally distributed, the natural logs (loge) of the concentrations and specific conductance were used for regression analysis (table 3) . The correlation coefficients and regression equations are presented in table 3 for the two geologic zones. All correlation coefficients were significant at a=0.05. The regressions of salinity with boron, ALLUVIAL-FAN GEOLOGIC ZONE molybdenum, selenium, and vanadium concentrations were compared using analysis of covariance (31) .
Only the selenium and salinity and molybdenum and salinity regressions are significantly different at the 95-percent confidence level between the two zones. The difference in the correlation of these two mobile trace-element concentrations and salinity seems to be related primarily to the geologic origin of selenium and molybdenum in the San Joaquin Valley. As discussed previously, selenium is often present in sedimentary marine deposits in association with or oxidized from metal sulfides from which the deposits of the alluvialfan zone were derived (21) . The plot of selenium concentrations and specific conductance ( fig. 4) shows a scatter of observations for the basin-trough zone but a linear correlation for the alluvialfan zone.
Although molybdenum mineral sources include igneous and sedimentary rocks, Sierra Nevada deposits may predominate in influencing the distribution of molybdenum in the western San Joaquin Valley.
The difference in relations between selenium and salinity in the two geologic zones is even more evident when data from sites near the geologic boundary are examined more closely.
Three samples collected in the mapped area of the alluvial-fan geologic zone, but near the geologic boundary, had selenium concentrations that were less than 1 pg/L, yet had relatively high specific conductance values of 2,300, 2,830, and 3,860 pS/cm. Two samples were collected in the central part (near Los Banos) and one in the northern part (near Tracy) of the study area. Removal of these outlying observations from the regression analysis resulted in a larger part of the variance (r=0.83) in selenium concentrations being explained by variations of specific conductance. Results were analyzed separately for all sites within 1.6 km of the geologic boundary in the basin-trough zone. Shallow ground water at these sites could have originated in the alluvial-fan zone which is upgradient. Of the 16 sampling sites, 2 had large specific conductance values (9,200 and 30,400 pS/cm) but concentrations of selenium less than 1 pg/L.
Regression analysis of the remaining 14 resulted in a correlation coefficient of 0.95 and a regression relation having a slope not significantly different from that found for the data from the alluvial-fan zone.
Regression analysis of the 34 observations from sites in the basin-trough zone and more than 1.6 km from the alluvial-fan zone shows even less evidence of any correlation between selenium and salinity than the analysis of all basin-trough observations (r=0.17).
The lack of correlation of selenium and specific conductance in the basin-trough zone is probably because of the mixture of Sierra Nevada and Coast Range deposits in the basin-trough geologic zone.
In fact, Sierra Nevada deposits probably dominate. Though saline ground water has evolved throughout the low-lying areas of the western valley, high selenium concentrations seem to coincide only with the combination of high salinity and Coast Range alluvial deposits. The correlation of selenium and salinity for ground water of the Coast Range alluvium was tested further with selenium and specific conductance data for the shallow ground water of three separate agricultural fields that are clearly in the alluvialfan geologic zone. In 1985, ground-water samples were collected and analyzed from 65 observation wells located within the three fields according to methods described in the section on "Sampling and Analytical Methods." The relation between selenium and specific conductance for the 65 samples is shown in figure 5 . The slope of the regression relation is not significantly different from the slope of the relation for the alluvialfan data in figure 4. 
ALLUVIAL-FAN ZONE
SUMMARY AND CONCLUSIONS
Ground-water salinity and the geologic origin of the valley alluvial deposits affect the distribution of boron, molybdenum, selenium, and vanadium in shallow ground water. Much of the total variance in concentrations of 14 trace elements was associated with boron, molybdenum, selenium, and vanadium, which are mobile oxyanions in the oxidized and alkaline water of the western San Joaquin Valley.
Concentrations of boron, molybdenum, and vanadium were significantly (a=0.05) correlated with ground-water salinity in both the alluvial-fan and the basintrough geologic zones. Boron and vanadium have similar relations to salinity in both geologic zones probably because they are present in the geologic source materials for both geologic zones in relatively equal amounts. The molybdenum distribution seems to be more affected by Sierra Nevada deposits.
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Selenium, in contrast, is much more enriched in the Coast Range source materials of the alluvial-fan zone then the Sierra Nevada. Therefore, selenium is more strongly correlated with salinity and occurs in higher concentrations in the ground water of the alluvial-fan geologic zone.
